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Abstract
In the present work, using micromagnetic simulation, we show that the magnetic coupling effect plays a very important role in
the process of creation of skyrmions in a coupled system of spin-torque nano-oscillators (STNO). First, we have determined the
magnetic ground state in an isolated STNO for different values of perpendicular uniaxial anisotropy (PUA) and Dzyaloshinskii-
Moriya interaction (DMI). Next, we have applied a perpendicular pulse polarized current density (J) and found that it is possible to
create a metastable Ne´el skyrmion from a disk whose ground state is a single magnetic domain. From these results, we obtained a
phase diagram of polarized current intensity vs. time of application of the current pulse, for different values of parameters such as
PUA, DMI, and distance between the STNOs. Our results show that, depending on the separation distance between the STNOs, the
current density required to create a skyrmion changes due to the magnetic interaction.
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1. Introduction
Magnetic skyrmions are non-trivial spin textures that can
appear in ferromagnets (FM) where there is lacking inver-
sion symmetry [1–4]. In ultrathin film multilayer systems
(FM/substrate), the Dzyaloshinskii-Moriya interaction (DMI)
is the main responsible for the creation of skyrmions [1, 2, 5].
This DMI has its origin in the interface of the multilayer due to
strong spin-orbit coupling between FM and the substrate [1, 4].
There are two skyrmion types: Bloch skyrmion and Ne´el
skyrmion [1, 2, 4]. The first is generally encountered in
bulk systems, while the latter is present in multilayer systems
[3, 4]. Mathematically, a skyrmion is quantified by The topo-
logical Charge Q, which is defined by Q = (1/4π)
∫
m.(∂xm ×
∂ym)dxdy, where m is the reduced magnetization. Q = ±1 for
skyrmions [1, 6].
Several works have shown that a skyrmion can be stabilized
in geometries as, for example, disks [3, 7, 8], ultrathin films [9]
and racetracks [10, 11]. However, it is also possible to create a
multiskyrmion cluster in a single nanodisk [12, 13]. Skyrmions
can also be created with the help of external perturbations, such
as magnetic field[14–16], spin polarized current [3, 17, 18], or
local heating [19].
Due to the fact that skyrmions are topologically protected
stable magnetic structures [2, 3, 20] and can be moved with
small current densities of the order of 106 A/m2 [21], these have
many potential applications, e.g., as logic gate devices [10],
racetrack memories [11, 22], or spin-torque nano-oscillators
(STNOs) [23, 24].
STNOs with magnetic skyrmions have been object of many
studies [12, 23, 25], since these systems can be used to produce
microwave [26] or spin wave based computing and logic de-
vices [25].
For technological applications, the nanostructures are nor-
mally organized in arrays. This leads to the question of mag-
netic interactions between them. There are in the literature sev-
eral works about the creation and stabilization of skyrmions in
isolated structures [3, 7, 8, 18, 23, 24, 27], but work is still lack-
ing on the role of magnetic interaction in the process of creation
of a skyrmion. The aim of this work is to study the effect of the
magnetic coupling in the creation of a Ne´el skyrmion in a spin
torque nano-oscillator system. For this purpose, we tailored
the perpendicular uniaxial anisotropy (PUA), Dzyaloshinskii-
Moriya interaction (DMI) and polarized current density (J) in
the free layer (ultrathin disk) of the STNO (isolated and cou-
pled systems). We used the open source software Mumax3
[28], with cell size of 1 × 1 × L nm3, where L is the thick-
ness of the free layer. The material used is Cobalt with pa-
rameters [3, 9, 18]: saturation magnetization Ms = 5.8 × 10
5
A/m, exchange stiffness A = 1.5 × 10−11 J/m, and damping
constant α = 0.3 (for faster convergence). The perpendicular
uniaxial anisotropy constant (Kz) and Dzyaloshinskii-Moriya
exchange constant (Dint) varied from 0.4 to 1.8MJ/m
3 and from
3 to 4.5mJ/m2, respectively [3, 7, 27].
2. Results and discussion
2.1. Isolated spin torque oscillator
We considered a STNO (see Fig. 1), where the free layer has
thickness L = 0.4 nm and diameter D = 80 nm. The spacer has
parameters: Λ = 2 (Slonczewski asymmetry) and ǫ = 0.2 [18].
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The polarizer has magnetization mp = (1,0,0)
Figure 1: Schematic representation of a spin torque nano-oscillator (STNO).
Blue region is the free layer, gray region is the spacer and yellow region is the
polarizer. J1 and J2 are the densities of the spin currents flowing through the
STNO.
First, in order to determine the magnetic ground state of the
free layer (J = 0A/m2), we considered in our micromagnetic
simulations two initial magnetic configurations: perpendicular
magnetic domain and Ne´el skyrmion. The energies of the final
magnetic states are shown in Fig. 2 for values of DMI, fromDint
= 3mJ/m2 to Dint = 4.5mJ/m
2. We have considered only cases
where both perpendicular magnetic domain (PMD) and mag-
netic Ne´el skyrmion (MNS) can be obtained as final magnetic
states. For example, for Dint = 3mJ/m
2 (see Fig. 2(a)), the re-
gion where it is possible to obtain PMD and MNS as final mag-
netic states is between Kz = 0.4MJ/m
3 and Kz = 1MJ/m
3. For
values less than Kz = 0.4MJ/m
3 (not shown here), there is only
one single final magnetic state, that is the magnetic skyrmion,
and for values greater that 1 kM/m3 (not shown here), the only
final magnetic state is the perpendicular magnetic domain.
The same behavior occurs for all other cases shown in Fig.
2.1, for Dint = 3.5, 4 and 4.5 mJ/m
2.
Once established the ranges of values of quantities such as
Kz and Dint, we proceed to create a metastable Ne´el skyrmion
from the state of lower energy (perpendicularmagnetic domain)
following the methodology used by Yuan et al. [18].
There are two currents to be used (see Fig. 1): -J1 (current
flowing in the +z direction) and +J2 (current flowing in the -z
direction). We used | J1, J2 | between 0.8 A/m
2 and 3A/m2. The
first was applied in order to flip the magnetization to the plane
of the free layer, in the -x direction, and the last to change the
direction to +x. Depending on the value of J1 and the time dura-
tion and the value of the current density pulse +J2, it is possible
to create a metastable Ne´el skyrmion in the free layer.
Unlike the work done by Yuan et al. [18] where only one
case is shown, for | J1 | = | J2 | = 2×10
12A/m2, we here show
that considering | J1 | , | J2 |, it is also possible to obtain a MNS.
The topological charge Q was measured in every case to verify
1The cases for Dint = 2.5mJ/m
2 and Dint = 5mJ/m
2 (not shown here) have
presented the same behavior.
0.4 0.5 0.6 0.7 0.8 0.9 1.0
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
a)
Dint = 3.5 mJ/m
2
 Magnetic domain
 Magnetic skyrmion
 Magnetic domain
 Magnetic skyrmion
En
er
gy
 (J
) 
10
-1
8  
 
 
En
er
gy
 (J
) 
10
-1
8  
Kz (kJ/m
3)
Dint = 3 mJ/m
2
b)
0.8 0.9 1.0 1.1 1.2
-0.22
-0.20
-0.18
-0.16
-0.14
-0.12
 
 
 
Kz (kJ/m
3)
0.8 1.0 1.2 1.4
-0.26
-0.24
-0.22
-0.20
-0.18
-0.16
-0.14
-0.12
 
 
En
er
gy
 (J
) 
10
-1
8  
Kz (kJ/m
3)
1.0 1.2 1.4 1.6 1.8
-0.32
-0.28
-0.24
-0.20
-0.16
d)c)
Dint = 4.5 mJ/m
2Dint = 4 mJ/m
2
 Magnetic domain
 Magnetic skyrmion
 Magnetic domain
 Magnetic skyrmion
 
 
En
er
gy
 (J
) 
10
-1
8  
Kz (kJ/m
3)
Figure 2: Energy of the magnetic final states of the free layer vs. of perpendic-
ular uniaxial anisotropy constant (Kz).
if the structure was a skyrmion.
First, all the micromagnetic simulations start with perpendic-
ular single domain (Fig. 3 (a) and Fig. 3 (f)). This magnetic
configuration is allowed to relax for a time interval of t = 0.5 ns.
After that, in order to flip the magnetization in the -x direction
(Fig. 3 (b)), -J1 was applied with duration of t = 0.5 ns (fixed
time for all simulations). Next, -J1 was switched off, and the
current +J2 was applied to change the direction of magnetiza-
tion to +x. However, if the duration of J2 is shorter than that
required for this purpose, it is possible to see the formation of a
deformed Ne´el skyrmion during this process (Fig. 3 (c)). Once
obtained this, the system is allowed to relax with J2 = 0, until
finally a Ne´el skyrmion is obtained as the final magnetic config-
uration (3 (e)). For this objective, we have considered duration
times for J2 from t = 0.1 ns to 0.3 ns, in 0.05 ns steps. For each
value of J1, we used values of J2 from J2 = 0.8 A/m
2 to J2 =
3A/m2 in 0.2 A/m2 steps.
The phase diagrams for the cases Kz = 0.6MJ/m
3, Kz =
0.8MJ/m3 and Dint = 3mJ/m
2 are shown in Fig.4 for different
values of J1. It is possible to observe that the phase diagram is
also modified by the value of J1, since J1 controls the flipping of
the magnetic moments to the plane of the free layer. For exam-
ple, for Kz = 0.8MJ/m
3 and J1 = -1.4×10
12A/m2 (Fig. 4 (c-d)),
we have obtained a metastable Ne´el skyrmion2 for almost the
entire range of current duration used here. However, when this
value was modified to J1 = -2.8×10
12A/m2, the phase diagram
changes drastically. A similar result is obtained for the case Kz
= 0.6MJ/m3 (Fig. 4 (a-b)).
2The skyrmions may have polarity p = +1 or p = -1.
2
Figure 3: Evolution of the z-component of the magnetization configuration
from the initial perpendicular single domain to the creation of a metastable
Ne´el skyrmion, for Dint = 3mJ/m
2 and (a-e) Kz = 0.8MJ/m
3 and (f-j) Kz =
0.6MJ/m3
For all values of Kz and Dint used here, we have obtained
phase diagrams that are dependent on J1, J2 and duration of the
current pulse. However, we have not encountered a direct re-
lation between the values J1, J2 and Kz, Dint in the creation of
a metastable skyrmion. The phase diagrams are highly non-
linear, nevertheless , it is possible to find some general patterns
for the formation of a skyrmion (see Fig. 11 in the Supple-
mentary material3). For example, for the cases where Dint =
3.5mJ/m2, a magnetic skyrmion can be created from a current
density threshold4 of | J1 | = 1.4 A/m
2 for Kz = 0.8MJ/m
3 (Fig.
11 in SP), but when Kz increases to Kz = 1MJ/m
3, the current
density threshold to increase to | J1 | = 1.8 A/m
2 (Fig. 11 in
SP). For Kz = 1.2MJ/m
3, it is not possible anymore to create a
skyrmion with the values of density currents used in this work.
The same behavior was found for Dint = 4mJ/m
2, the current
density threshold increases from | J1 | = 1.2 A/m
2 (for Kz =
0.8MJ/m3) to | J1 | = 1.6 A/m
2 (for Kz = 1MJ/m
3) and for Kz =
1.4MJ/m3, the current density threshold increases up to | J1 | =
2.8 A/m2. This increase in the values of current density thresh-
old it is due to the fact that higher values of J1 are necessary in
order to flip the magnetization to the plane in order to overcome
the perpendicular alignment due to the presence of Kz.
On the other hand, it is possible to observe how the increase
of Dint favors the decrease of the current density threshold | J1 |.
For example, for Kz = 0.8MJ/m
3 (Fig. 11 in SP), | J1 | decreases
from | J1 | = 1.4 A/m
2 (Dint = 3mJ/m
2) to | J1 | = 1.2 A/m
2 (Dint
= 4mJ/m2). The similar behavior is observed for Kz = 1MJ/m
3,
where | J1 | decreases from | J1 | = 2.6 A/m
2 (Dint = 3mJ/m
2) to
| J1 | = 1.4 A/m
2 (Dint = 4.5mJ/m
2).
In all cases, the skyrmions have topological charge Q ≈ 1. Q
is not exactly one, because our disk have finite size.
An interesting case occur for Kz = 0.8MJ/m
3, Dint =
3mJ/m2, J1 = -3 A/m
2, J1 = 2.4 A/m
2 an duration time of J2
of t = 10 ns: we have obtained two skymions, as final magnetic
configuration, in the free layer, both with polarity p = +1 (in
this case the topological charge Q is approximately two).
For some combinations of Kz, Dint, J1 and J2, we have ob-
tained as final states a strange magnetic configurations (similar
to show in Fig. 3 (i)) where a skyrmion coexists with a mag-
3Supplementary material is abbreviated as SP.
4We focus our attention on J1, since this current density is the one that is
responsible for giving the initial condition to our system.
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Figure 4: Phase diagram for Kz = 0.6MJ/m
3, Kz = 0.8MJ/m
3 and Dint =
3mJ/m2, and different values of the current density J1. Red squares indicate
no creation of skyrmion, and green circles indicate creation of skyrmion.
netic domain. These cases, can not be considered as a Ne´el
Skyrmion. Similar configurations have been obtained in cobalt
disks under application of perpendicular magnetic fields, as al-
ready showed by Talapatra et al. [29].
We have obtained the averageNe´el skyrmion diameters (DN),
considering as DN diameter, the region where the z-component
of the magnetization (mz) is equal to zero. These values were
obtained measuring the Full-Width at Half-Maximum of the
profile of mz along the diameter of the disk, and their values
are shown in Fig. 5. The values of the diameters decrease with
the increase of the Kz. For example, for Dint = 3mJ/m
3, we
have obtained a decrease of approximately 80%, from DN ≈
36 nm (Kz = 0.4MJ/m
3) to DN ≈ 8 nm (Kz = 1MJ/m
3). The
same behavior occurs for the different values of Dint. However,
the values of DN increase with the values of Dint for the same
values of Kz. For example, for Kz = 1MJ/m
3, DN increases
from DN ≈ 7.7 nm (Dint = 3mJ/m
3) to DN ≈ 34.68 nm (Dint =
3mJ/m3). These behaviors are expected to the fact that the in-
crease of Kz favors the perpendicular alignment of the magnetic
moments, thus decreasing the region where mz = 0, whereas the
increase of Dint favors the tilting of magnetic moments, increas-
ing the region where mz = 0.
The minimum values of DN , for all combinations of Dint and
Kz, tend to a value in a range between approximately 5 nm
and 7 nm (see Fig. 5), whereas the maximum value obtained
of DN was of approximately 36 nm, which occupies approxi-
mately 40% of the diameter of the disk (free layer).
In the cases where two skyrmions were obtained in the free
layer, both skyrmions have the same DN , whose value is the
same as in the case of obtaining a single Skyrmion of approxi-
3
mately DN ≈ 13 nm.
Although the Ne´el skyrmions are metastable, we can see that
the values of DN follow the same behavior as in the cases where
the skyrmion is a ground state magnetic configuration [30].
We have found that the values of DN do not depend on ei-
ther current densities (J1 and J2) or duration times of pulse cur-
rents. These are dependent only on Kz and Dint. This case con-
trasts with the case where the polarizer has magnetization mp =
(0,0,1) [7, 18].
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Figure 5: Skyrmion diameter DN as a function of the values of the perpendicular
anisotropy constant Kz, and Dint .
3. Coupled oscillators
In order to study the effect of the magnetic interaction on
the creation of skyrmions, we considered a pair of coupled spin
torque oscillators (see Fig. 6).
Figure 6: Schematic representation of a pair of coupled spin torque oscillators
separated by a center to center distance d.
We used the same values of Kz and Dint shown in Fig. 2. The
currents J1 and J2 were applied simultaneously in both STNOs
in the same way as in the case of an isolated spin torque oscilla-
tor (previous section). We have considered a separation center
to center distance d = 85 nm, 90 nm and 95 nm.
The new phase diagrams for the case Dint = 3mJ/m
2, Kz =
0.8MJ/m3 and J1 = -2.4×10
12A/m2 are shown in Fig. 7. It is
possible to observe how the phase diagrams change for different
values of the distance d. In some cases the magnetic interaction
favors the creation of skyrmions and in other cases it does not.
For example, using a value of J2 = 2.2×10
12A/m2 and for any
value of duration time of J2, it is impossible to create a skyrmion
(Fig. 7(a)) in an isolated STNO, but in a coupled system, it is
possible to create a skyrmion for separation distances of d =
5 nm (Fig. 7(b)) and d = 10 nm (Fig. 7(c)), using a duration
time of J2 of t = 10 ns.
The opposite behavior occurs when J2 = 1.8×10
12A/m2. In
this case, it is possible to create the skyrmion in an isolated
STNO (Fig. 7(a)) for duration time of J2 from t = 20 ns, 25 ns
and 30 ns, but it is impossible to create the skyrmion when the
STNOs are coupled (Fig. 7(b), (Fig. 7(c)), (Fig. 7(d))) for any
value of duration time of J2.
The average Ne´el skyrmion diameters (DN) neither depend
on the magnetic interaction nor on the values of J1 and J2. They
have almost the same values as in the case of isolated STNO
and have the same dependence on Kz and Dint as shown in Fig.
5.
The phase diagrams for the coupled systems are also depen-
dent on the values of J1. In Fig. 8, we show the phase diagrams
for a value of J1 = -1.8×10
12A/m2. Its phase diagram is differ-
ent from the one obtained for the case J2 = -2.4×10
12A/m2 (Fig.
7.)
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Figure 7: Phase diagram for Kz = 0.8MJ/m
3 and Dint = 3mJ/m
2 for a) one iso-
lated STNO; b) two STNOs, separation d = 85 nm; c) two STNOs, d = 90 nm;
d) two STNOs, d = 95 nm. Red squares indicate no creation of skyrmions in
either of the two STNOs, and green circles indicate creation of skyrmions in
both STNOs.
The phase diagrams are shown in Fig. 8. They are more
complex than the phase diagrams shown in Fig. 7. Besides the
cases where skyrmions were present or absent in both STNOs,
there are cases where it was possible to create a skyrmion only
in one of the STNOs.
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Figure 8: Phase diagram for Kz = 0.4MJ/m
3, Kz = 0.8MJ/m
3 and Dint =
3mJ/m2 for a) one isolated STNO; b) two STNOs, separation d = 85 nm; c)
two STNOs, d = 90 nm; d) two STNOs, d = 95 nm. Red squares indicate no
creation of skyrmion in either of the two STNOs, blue stars indicate the cre-
ation of skyrmion in one of the two STNOs, and green circles indicate creation
of skyrmions in both STNOs.
The behavior of the current density threshold of | J1 | (see
Fig.12 in SP) follows the same way that in the case of isolated
STNO. We can see that the threshold | J1 | decreases with the
increase of Dint and | J1 | increases with the increase of Kz. The
quantitative values of | J1 | are almost the same as those in the
case of isolated STNO.
The results shown in Fig. 7 and Fig. 8 prove that the mag-
netic interaction plays an important role in the process of cre-
ation of skyrmions in STNOs. In order to further explore the
effects of the magnetic interaction, we additionally, have also
considered one triangular array5 of STNOs as shown in Fig. 9.
The phase diagrams for Kz = 0.8MJ/m
3, Dint = 3mJ/m
2, J1
= -2.4×1012A/m2 are shown in Fig. 10. In this figure, it is
possible to observe that the creation of skyrmions in the STNOs
is different for different distances d.
The STNOs in the triangular array, interacting in a differ-
ent form from that in the case of a pair of coupled STNOs.
For example, for a pair of coupled STNOs, with parameters:
J2 = 2.2×10
12A/m2, t = 0.10 ns and distance d = 85 nm, the
skyrmions can be created in the two STNOs (Fig. 7 (a)), while
for the same parameters, for a triangular array, the skyrmions
cannot be created in the three STNOs (Fig. 10 (a)). Also, a sim-
ilar behavior can be seen for J2 = 2×10
12A/m2 and distance d =
85 nm (Fig. 7 (b)), while that for a pair of coupled STNOs, the
magnetic interaction prevents the creation of skyrmions in the
whole range of values of duration of J2, but this magnetic inter-
5The procedure to obtain the skyrmion is the same as in the previous cases.
Figure 9: Schematic representation of an equilateral triangular array of coupled
STNOs separated by a center to center distance d.
action favors the creation of skyrmions in two of three STNOs
(Fig. 10 (a))
4. Conclusions
In this work, we have studied the influence of the magnetic
interaction in the creation of a metaestable skyrmion in isolated
and coupled systems of STNOs using pulsed spin current den-
sities, using micromagnetic simulation. We have built phase
diagrams to know in what conditions it is possible to obtain a
skyrmion. Although our phase diagrams do not show a direct
relationship between the parameters used here, we have been
able to find some general behavior such as the fact that the
threshold J1 increases with the increase of the anisotropy and
decreases with the increase of Dint. Our results show that the
diameters of the metastable skyrmion have the same behavior
as that of stable skyrmions.
We have demonstrated that, in the case of coupled systems,
the magnetic interaction plays an important role in the creation
of metastable skyrmions, modifying the phase diagrams when
the distance between the STNOs is changed. However, the
magnetic interaction does not modify the values of the thresh-
old J1.
Our results show a point not sufficiently studied, the influ-
ence of the magnetic interaction in the creation of skyrmions.
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